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Cloning of human muscle phosphofructokinase cDNA 
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Three overlapping cDNA clones for human muscle phosphofructokinase (HMPFK) covering the complete 
coding sequence were isolated. The sequence included a poly(A) tail, a 399 bp 3'-untranslated region, a 2337 
bp coding region for 779 amino acid residues and a part of the 5'-untranslated region. Homologies between 
HMPFK and rabbit muscle phosphofructokinase (RMPFK) were 96% of the amino acids and 89% of the 
nucleotides in the coding region. Like RMPFK, HMPFK also possessed the internal homology between 
C- and N-halves in its primary structure. Cloning of HMPFK cDNA will help to identify the molecular 

defect in patients with glycogenosis type VII (HMPFK deficiency). 

Phosphofructokinase; cDNA cloning; Glycogenosis; (Human muscle) 

1. INTRODUCTION 

Phosphofructokinase (ATP:D-fructose-6-phos- 
phate 1-phosphotransferase, EC 2.7.1.11) is a key 
regulatory enzyme in the glycolytic pathway 
catalyzing the phosphorylation of  fructose 
6-phosphate to fructose 1,6-bisphosphate. The en- 
zyme defect in human muscle (glycogenosis type 
VII) was first reported by Tarui et al. [I]. To 
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elucidate the molecular basis of  the disease, the 
primary structure and corresponding nucleotide se- 
quence of  this enzyme should be clarified. Vora et 
al. [2] have recently reported a success in partial 
cDNA cloning of  HMPFK,  although the 
nucleotide sequence has not been described yet. 
Here, we report molecular cloning of  HMPFK 
cDNA with complete coding sequence. 

2. MATERIALS AND METHODS 

A cDNA library of  human muscle poly(A) RNA 
was prepared using the Okayama-Berg plasmid 
pCDVI [3]. Only one clone, pr iMP1.10 hybridized 
with a nick-translated RMPFK cDNA (a gift from 
Dr S.D. Putney and Dr P. Schimmel [4]). It con- 
tained 1.1 kb of  insert with a poly(A) tail, a 399 bp 
3'-untranslated region and a 528 bp C-terminal 
coding sequence. This clone was identified as a 
partial HMPFK clone since its coding nucleotide 
sequence retained 89°70 homology with the pub- 
lished RMPFK sequence [5]. 

Oligonucleotide (5' -AGT.GGT.ATA.GTT.  
CTC.ATT.GCA-3 ' )  complementary to the se- 
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quence downstream of the PstI site of priMP1.10 
was used as a primer extension probe to construct 
the second library in Xgtl0 [6,7]. One of the clones, 
XHMPE4.1 hybridizing with Pst l /Taql  fragment 
of pHMPI.10 (HM-3 as shown in fig. 1) extended 
approximately ~.2 kb toward the 5'-region cor- 
responding to 384 amino acid residues. 
Ava l I /EcoRI  fragment of XHMPE4.1 (HM-4B as 
shown "m T~,g. 3) ~vas 6~,~es~eb ~'~a~ Dbe) Sot I~e 
primer to construct the next library in Xgtl0. Clone 
XHMP2E1.8 hybridized with both HM-4B and 
RM-7 (5' -ATG.ACC.CAT.GAA.GAG.CAC. 
CAT-3', an oligonucleotide probe derived from 
the 5'-terminal coding sequence of RMPFK [5] in- 
cluding the initiation codon). It contained a 1.7 kb 
insert including a 930 bp coding sequence for 310 
amino acids. Thus, three overlapping clones, 
pHMPI.10, XHMPE4.1 and XHMP2E1.8, cover- 
ing complete coding sequence were obtained. 

(D)),gonuc)eofit)es we, re 99,999 o.o ,~o 3~29,9))eB 
Bi~svS~ems'3"d~)~ s vntneg}zer.'r~u6~eOi}be sepuence 
was determined using the dideoxy chain termina- 
tion method [8). Radiolabel~ed probes were 
prepared by ~ick-trav, slati~v, {91 ~: by rawd~m 
primer method [10] with [a-~zP]dCTP (3000 

Ci/mmol) for cDNA probes and 5'-end labelling 
for oligonucleotide probes with [-X-32p]ATP (6000 
Ci/mmol) [9]. Other basic techniques were essen- 
tially the same as described [6,7,9,11]. 

Human muscle was obtained from a myopathy- 
free male patient wida os~eo~rcoma wbe~ he 
underwent an operation. An apparently healthy 
portion of the resected muscle distal to the primary 
2u, r~or ~)Ze ~eas u~ed. ],e,~or,'~ed c6,~se~e ~r~e ~&- 
tained from the patient and the research was car- 
ried out in conformity with the declaration of 
Helsinki. 

3. RESULTS AND DISCUSSION 

A selected restriction map and the sequencing 
strategies for three clones are shown in fig. 1. As 
shown in fig. 2, HMPFK consisted of 779 amino 
acids with a molecular mass of 85 050 Da. 

the size of HMPFK mRNA was estimated to be 
3.15 kb (not shown), suggesting that the length o f  
"the pol:~(A) tail anti 5'-umranslated region would 
sum up to about 400 bp. The size of the insert of 
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Fig. 1. Selected restriction map of HMPFK cDNA and sequencing strategies for the three overlapping clones (E, EcoRI; 
H, HindIII; P, PstI; S, Sau3AI; T, TaqI). 
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-~0 
OCCTOACTO AGACTC~ATC 

30 60 
AT G,ACC.CAT.GAA.GAO,CAC.CAT.GCLGCC.AAA.ACC.CTG.GGG.ATT.OGC.AAA.OCC.ATT,GCT.GTC 
~ T ~ T ~ r ~ H ~ s - G ~ u ~ G ~ u ~ H ~ s ~ A ~ a ~ A ~ L y ~ T ~ r ~ L e u ~ 0 ~ y ~ 0 ~ y ~ L y s - A ~ - ~ e - A ~ - ~  

90 '120 
TTA.ACC.TCT.OOT.GGA.GAT.GCC.CAA.GGT,ATO,AAT.GCT.GCT.GTC.AG0.0CT.GTG.OTT,CGA,0TT 
Le~Thr~er-0~y-G~y~As~A~a~0~n~G~Met~Asn~A~a-A~Va]~Ar8~A~a~a~-V&~-Ar8-V~ 

150 180 
GOT.ATC.TTC.ACC.GOT,OCC.COT.GTC.TTC.TTT.OTC.CAT.OAO.GGT.TAT.CALGGC.CTG.GTO.0AT 
Oly-Ile.Phe-Thr-Gly-kla-Ars-V~l-Phe-Phe-Val.Hl~-Glu-Gly-Tyr-Gln-Oly-Leu-Val-A~p 

210 240 
OGT,GGA,OAT,CAC.ATC.A~O.GAA.OCC.ACC,TGG.GAG,AOC.GTT.TCG.ATO.ATG.CTT.CAG.CTG.GGA 
Gly-01y-Asp-Hie-Ile-Lys-Glu-Ala-Thr-Trp-G1u-Ser-V&l-Ser-Met-Met-Leu-Gln-Leu-0Iy 

270 300 
GOC.ACO.GTO.ATT.OGA.ACT.GCC.OOG.TGC.AA0.GAC.TTT.O00.OAA.CO~.OAA.GOA.CGA.CTC.0GA 
Gly-Thr-Val-Ile-Oly-Ser-Ala-Arg-Cys-Lys-Asp-Phe-Arg-Glu-Arg-Gl~-Oly-Arg-Leu-Ar8 

330 360 
0CT,OCC,TAC.AAC.CT0.GTG.~AG,COT,GOG,ATC.ACC.AAT.CTC.TGT.GTC.ATT.GOO.GOT.0AT.00C 
A~a~A~a-Tyr~A~Leu~a~Lys~Arg~G~y~e~Thr~an-~eu~Cys-Va~-~e-0~y-G~-Asp-0~y 

390 4~0 
AGC,CTC.ACT.GGG.GCT.GAC,SCC.TTC.CGT.TCT.GAO.TGG.AGT.OAC,TTG.TTG.AGT.OAC.CTC.CAG 
Ser-Leu-Thr-Gly-Ala-Asp-Thr-Phe-Arg-Ser-Glu-Trp-Ser-Asp-Leu-Leu-Ser-Asp-Leu-Oln 

450 480 
AAA,OCA,GOT.AAO,ATC.ACA.GAT.GAG,GAG.OCT,ACG.AAO.TCC.AOC.TAC,CTG.AAC,ATT.GTG*GOC 
Lya-AIa-Gly-Lya-Ile-Thr-Asp-Glu-Glu-Ala-Thr-Lys-Ser-Ser-Tyr-Leu-Asn-Ile-Val-Gly 

510 540 
CTG,GTT.OGO.TOA.ATT.GAC.AAT.GAC.TTC.TGT,GGC,ACT*OAT.ATO.ACC.ATT.OGC.ACT.OAC.TCT 
Leu-Val-Oly-Ser-lle-Asp-Asn-Asp-Phe-Cys-Gly-Thr-Asp-Met-Thr-11e-Oly-TSr-Asp-Ser 

570 600 
GCC.OTG,OAT.COG,ATC.ATG.GAA.ATT.GTA,GAT.GCC.ATO*ACT.AOC.AOT*GCC.CAG.AOC.CAC,CAG 
Ala-Leu-Hia-Ars-lle-Me~-Glu-Ile-Val-Aep-Ala-lle-Thr-Thr-Thr-Ala-Gln-Ser-Hls-Oln 

630 660 
ACG,AOA,TTT.GTG,TTA,GAA.GTA.ATG.GOC.OOC,CAO.TGT.00A.TAC.OTO,OOC.OTT,GTO.ACC.TCT 
Arg-Thr-Phe-Val-Leu-Glu-Val-Met-Gly-Arg-His-Cys-Gly-Tyr-Leu-Al~-Leu-Val-Thr-Ser 

690 720 
CTG.TCC,TOT.GGG.GCC,0AO.TGG,GTT.TTT.ATT,COT.GAA.TOT.CCA.CCA.0AT.OAC.OSC.TGG.GA0 
Leu-Ser-Cys~ly-Ala-Asp-Trp-Val-Phe-lle-Pro-Olu-Cys-Pro-Pro-ABp-Asp-Asp-Trp-Glu 

750 780 
GAk.CAC.CTT.TOT.CGC.CGA.CTC.AGC,OAG.ACA,AOG,ACC.COT.00T,TCT.COT.OTC.AAC.ATC.ATC 
Glu-Hls-Leu-Cys-Srg-Arg-Leu-Ser-Glu-Thr-Arg-Thr-Ars-Oly-Ser-Arg-Leu-Asn-ne-Ile 

810 840 
ATT,GTG,GCT,GAG.GGT.GCA.ATT.OAC.AAG.AAT.GOA.AAA.CCA.ATC.ACC.TCS.GAA.OAC.ATO,AAG 
Ile-Val-Ala-Olu-Oly-Ala-Ile-Asp-Lys-Asn-Gly-Lys-Pro-Ile-Thr-Ser-Glu-Asp-Ile-Lys 

870 900 
AAT.CT0.GTG.0TT.AA0.CGT.CTG.GOA.TAT.0AC.ACC.CGG.GTT.ACT.GTC.TT0.00G.CAT.GTG.CAG 
Asn-Leu-Val-Val-Lys-Arg-Leu-Ol¥-Tyr-Asp-Thr-Arg-Val-Thr-Val-Leu-Oly-Hls-Val-Gln 

930 96O 
AGG.GGT.OGO.ACG.CC ,̂TCA.OCC.TTT.OAC.AGA.ATT.CTG.OGC.AGC.AOG.ATO,GGT.GTO.GAA.GCA 
Arg-Gly-Gly-Thr-Pro-Ser-Ala-Phe-Asp-Arg-lle-Leu-Gly-Ser-Arg-Met-Gly-V~l-Glu-Al~ 

990 1020 
nTG,ATG.OCA,CTToTTG.GAO.0GG.ACC.CCA.GAT.ACC.CCA.GCC.TOT.GTA.GTO.AOC.CTC.TCT.GGT 
Val-M~t-A1a-Leu-Leu-Glu-Oly-Thr-Pro-Asp-Thr-Pro-Ala-Cys-V~l-Wl-S~r-Leu-Ser-G]y 

1050 1080 
AAC,CAG.GCT.GTG.COC.CTG,CCC.CTC,ATG.OAA,TOT.GTC.CAG.GTO.ACC.AAA.GAT.GTO.ACC.AAO 
Asn-0In-Ala-Val-Srs-Leu-Pro-Leu-Met-01u-Cya-Vsl-Gln-Val-Thr-Lys-Asp-V~l-Thr-Lys 

1110 1140 
GCC.ATG.GAT.OA0.AAG,AAA,TTTo0AC.GAA,0CC.CT0.AA0.CTO.AOA.000.OOG.AOC.TTC.AT0.SAC 
A]a-M*t-Amp-Glu-Lys-Lys-Phe-Asp-Glu-Al~-Leu-LFs-Leu-Ars-Oly-Arg-Ser-Phe-Me~-Asn 

1170 1200 
AAC.TGO.GAO.GTG.TAC,AAG.CTT.CTA.GCT.CAT.OTC.~OA,CCC.CCG.GTA.TCT.A~G.AOT.GGT.TCG 
Asn-Trp-Glu-V~l-Tyr-L~-Leu-Leu-Al~-81s-V~l-Arg-Pro-Pro-V~l-Ser-Lys-Ser-01¥-Ser 

I~30 1260 
CAC.SCA.GTO.GCT.GTO,ATG.AAC.GTG.GOG.OCT.CCG.OCT.GCA.GGC.STO.A^T.OCT.OCT,GTT.CGC 

1290 1320 
TCC.ACT.GTG.AGG.ATTIGGC.CTT,~TC.CAG.GGC.AAC,CGA.GTG.CTC.GTT.GTC.CAq.GAT-GGT,TTC 
Ser-Thr-Val-Arg-I1e-Giy-Leu-lle-G]n-Gly-A~n-Arg-V~]-L~u-V~]-Val-Hi~-A~p-Giy-Ph~ 

1)50 1380 
0AG•G•C••TG•G•••AA(]••0G•CAG•ATA•••G•GAA•GCT•GGC•TG0•AGC•TAT••Tq•G•••GG••TGG•ACT 
G1u-01y-Leu.A]n-Lys.G]y-Gh*-Ile-G]u-G]u-A]a-G1y-Trp-Ser-Tyr-Val-Giy-Gl~-Trp-Thr 

I~1O 1440 
GGC.CAA.GGT.GGC.TCT.AAA.CTT.GGG.ACT,AAA.AGG.ACT.CTA,CCC.AAG.AAG.AGC.TTT.GAA.OAG 
G1y-G1n-G1y-G1y~e~Ly~-Leu~G1y-Thr-~`y~-Arg-Thr-Leu-P~-Ly~Ly~-Ser~Phe-G]u-G}n 

1470 1500 
ATC,AGT.GCO.AAT.ATA.ACT.AAG.TTT.AAC.ATT,CAG.GGC.CTT.GTC.ATC.ATT.GGG*GGC.TTT.GAG 
lle-Ser-Ala-Asn-lle-Thr-Lys-Phe-Asn-lle-G]n-Gly-Leu-V~1-]le-lle-01y-Gly-Phe-G1u 

1530 1540 
GCT.TAG.AGA.GGG.GGC.CTG.OAA.CTG.ATG.OAO.GGC.AOG.AAG.CAO.TTT.GAT,OAO.CTO.TGC.ATC 
A]a-Tyr-Thr-Gly-O1y-Leu-01u-Leu-Met-Glu-G1y-Arg-Lys-Gln-Phe-Asp-G1u-Leu-Cys-l|e 

1590 1620 
CC&.TTT.OTG.GTC,ATT.CCT.GCT.ACA.GTO,TCC.AAC.AAT.GTC.CCT,GGC.TCA,GAC.TTC.AGC.GTT 
Pro-Phe-Val-Vsl-lle-Pro-Ala-Thr-Val-Ser-Asn-ksn-Val-Pro-Gly-$er-Asp-Phe-Ser-Val 

1650 1680 
GGG.GCT.GAC.ACA.GCA.CTC.AAT,ACT.ATC.TGC.ACA.ACC.TGT.GAC.COC.ATC.AAG.CAO.TCA.GCA 
Gly-Ala-Asp-Thr-Ala-Leu-A~n-Thr-Ile-Cys-Thr-Thr-Cy~-Asp-Arg-lle-Lys-Gln-Ser-Ala 

1710 1740 
0CT.GGC.AOC,AAG.CGT.CGG.GTG.TTT.ATC.ATT.GAG.ACT.ATG.GGT.G00.TAC.TOT.GGC,TAC.CTG 
Ala-Oly-Thr-Lys-Arg-Arg-Vsl-Phe-Ile-Ile-Glu-Thr-Met-Oly-Gly-Tyr-Cys-O~y-Tyr-Leu 

1770 1800 
GCT.ACC.ATG.GCT.GGA.CTG.OCA.GCT.OGG.GCC.OAT.GCT.OCO.TAO.ATT.TTT.GAO,0AO.COC.TTO 
Ala-Thr-Met-A~a-Gly-Leu-Ala-Ala-Gly-Ala-Asp-Als-A]a-Tyr-Ile-Phe-Glu-Glu-Pro-Phe 

1830 186~ 
ACO.ATT.CGA.GAC.OTG.CAG.GCA.SAT.GTT.GAA.CAT.CTG.GTG.OAA.AAG.ATG.AAA.AOA.ACT.GTG 
Thr-Ile-Arg-Asp-Leu-Gln-Als-Asn-Val-Glu-His-Leu-Vsl-Gln-Lys-Met-Ly~-Thr-Thr-Val 

1890 1920 
AAA.AGG.GGC.TTG.GTG.TTA.AGG.AAT.GAA,AAG.TGG,AAT.GAG,AAC.TAT.ACO.ACT.GAC.TTC.ATT 
Lys-Arg-Gly-Leu-Val-Leu-Arg-Asn-Glu-Lys-Cys-Asn-Glu-Asn-Tyr-Thr-Thr-Asp-Phe-Ile 

1950 1980 
TTC,AAC.CTG.TAC.TCT.GAG,GAG,GGG,AAG.GGC.ATC.TTC.GAC,AGC.AGG.AAG.AAT.GTG.CTT.GGT 
Phe-Asn-Leu-Tyr-Ser-Glu-Glu-Gly-Lys-Gly-Ile-Phe-Asp-Ser-Arg-Lys-Asn-Vsl-Leu-Gly 

2010 2040 
CAC.ATG,CAG.CAG.GGT.GGG.AGCmCCA.ACC.CCA.TTT.GAT.AGG.AAT.TTT~GCC.ACT.AAG.ATG.OGC 
His-Met-Oln-Gln-Gly-Gly-Ser-Pro-Thr-Pro-Phe-Asp-Arg-Asn-Phe-Ala-Thr-Lys-Met-Oly 

2070 2100 
GCC.AAG,GCT.ATG.AAC.TGO.ATG,TCT.GGO.AAA.ATC.AAA.GAG.AOT,TAC.CGT.AAT.GGG.CGO,ATC 
Ala-Lys-Ala-Met-Asn-Trp-Met-Ser-Gly-Lys-Ile-Lys-Glu-Ser-Tyr-Arg-Asn-Giy-Arg_Ile 

2130 2160 
TTT,GCC.AAT.ACT.COA.GAT.TCG.GGC.TGT.GTT.OTG.GGG.ATG.COT.ASG.AGG.GCT,CTG.GTC.TTC 
Phe-Ala-Asn-Thr-Pro-Asp-Ser-Gly-Cys-Val-Leu-Gly-Met-Arg-Lys-Arg-Ala-Leu_Val_Phe 

2190 2220 
CAA.CCA,GTG.GCT.GAG.CTG.AAG.GAC.CAG.ACA.GST.TTT.GAG.CAT,CGA,ATC.CCC.AAG.GAA,CAG 
Gln-Pro-Val-Ala-Glu-Leu-Lys-Asp-Gln-Thr-Asp-Phe-Glu-His-Arg-Ile_Pro_Lys_Glu_Gln 

2250 228O 
TC~'G'TGG~T0.A8A~0TG~AG0~0~C~TG~0T~*AAA.ATC~CTA.G0C~AA~TA0~A~ATT~GAC~TTG,G8c 
T~p~Trp~Leu~Lys~Leu~A~g~Pr~I~e~Leu-Lys~I~e~Leu~A~a~Lys~Tyr~G~u-I~e~As~-[~eu~As~ 

2310 2340 
ACT.TCLGAC.GAT.OC0.CAC.CTG.GAG.CAC.ATC.SGG.CG6.AAG.0GG.TCC.GGG.GALGCT,GCO.GTC 
Thr-Ser-Ssp-His-Ala-81s-Leu-Glu-Hls-Ile-Thr-Srg-Lys_Arg_$er_Gly_Glu_A~a_Als_Val 

2350 240*~ 
TA_~ASCCTCTC TGGAOTGAGG GGAATAGATT ACCTGATCAT GGTCAGCTGA CACCCTAATA AGTCCACATC 

2420 2470 
TTGTC~GTGT TTTAOGTGTT TTTTTOATTA GGTTTCCTTT T&TTCTGTAC CTTGCAGCCA T08CCAGTTC 

2490 2540 
TGGCCSGOAG CTGGAGGAGC AGGCAGTGGG TGGGAGCTCC TTTTAGGTAG AATTTAAOAT GACTTCTGCC 

2560 2610 
OCAGCTTTAT CTGTCACACA AGGCTGGGCA CCTCTAGTOC TACTGCTAGA TATCACTTAC TCAGTTAGAA 

2630 2680 
TTTTCCTAAA AATAAGCTTT ATTTATTTCT TTGTGATAAC AAAGAGTC'r'r GGTTCCTCTA CTACTTTTAC 

2700 2750 
TACAGTGACA AATTGTAACT ACACTAATAA ATGCCAACTG GTCAC'I'GTGA 

- n 

Fig. 2. Nucleotide sequence and deduced amino acid sequence of HMPFK. Putative initiation codon (ATG), termina- 
tion codon (TAA) and polyadenylation signal (AATAAA) are underlined. 

XHMP2EI.8  is longer than that expected from the 
result o f  the Northern analysis. This clone may 
have contained small unknown c D N A  as a ligation 
artifact. Thus, the length o f  5 '-untranslated region 
needs further characterization. However,  several 
lines o f  evidence indicate that the entire coding 
region o f  HMPFK is represented in fig. 2 and the 

ATG codon  at position 1 is the initiation codon.  
First, the molecular mass o f  HMPFK has been 
estimated to be 85 kDa [12]. As described above,  
the molecular mass encoded by the sequence 
shown in fig. 2 is 85 050 Da. The total number o f  
amino acid residues also matched that o f  RMPFK 
[5]. Second, a nonsense codon (TGA) was found at 
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position - 12 followed by the open reading frame 
including a putative initiation codon (ATG) and a 
full-coding sequence comparable to RMPFK. 
Third, the initiation codon recognized by 
eukaryotic ribosomes possesses several consensus 
base compositions [13], of  which ATG flanked by 
80%o adenine (A) at - 3  position, as observed in 
this case, is one. This strongly suggests that ATG 
at position 1 is the initiation codon for HMPFK.  

Homologies between HMPFK and RMPFK 
were very high both in nucleotides and amino acids 
(89% for 2337 bp coding sequence and 96% for 
779 amino acid residues). In addition, the internal 
homology between N- and C-halves of  its primary 
structure was also present in HMPFK as observed 
in RMPFK [5,14]. HMPFK differed from RMPFK 
by 29 amino acid residues, of  which 20 changes oc- 
curred by single base substitution. Twenty mis- 
matches appeared in the N-half, suggesting that 
the C-half sequence was preferentially conserved. 
It may be worth mentioning that a part of  the C- 
half sequence is considered to contribute to the 
generation of a new effector site, fructose 1,6- and 
2,6-bisphosphate binding site during the evolution 
of  the enzyme by gene duplication [14]. 

The determined complete coding sequence for 
HMP F K will help in analysing not only the 
molecular defect of  patients with glycogenosis type 
VII but also the regulatory mechanism of  muscle 
glycolysis at the molecular level in the future 
biochemical investigations. 
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